A detailed petrological study of mafic and ultramafic xenoliths from Cerro del Fraile (Southern Patagonia, Argentina) was developed to highlight (1) the mineralogical and geochemical composition of the lithospheric mantle beneath the area, (2) the nature of the metasomatizing agents that infiltrate the mantle wedge above the Antarctic plate, (3) the processes that allow the mantle to be refertilized, and (4) the nature of the material dragged down in the subduction zone and recycled within the South Patagonian sub-arc mantle. Major and trace element analyses of clinopyroxene and orthopyroxene in peridotitic and pyroxenitic rocks suggest that a proto-adakite, deriving from the melting of the subducting Antarctic plate, was responsible for the metasomatic features of the peridotitic rocks and the crystallization of the pyroxenites. A few composite xenoliths bridge the two processesçperidotite enrichment and pyroxenite crystallizationçindicating that the variously depleted mantle reacts with the incoming melt to generate a newly fertile mantle domain. This reaction occurs under reducing conditions [Álog fO 2 (QFM)^1·21 tô 0·34], unusual for mantle wedge settings. Heavy rare earth elements and Al 2 O 3 and MgO contents in pyroxenes indicate a partial melting degree varying from 10 to 25%. The peculiar enrichment in Zr (^Hf), Th and U of the pyroxenes indicates the melting of oceanic sediments, which include manganese nodules and, possibly, organic matter, in agreement with the estimated low oxygen fugacity conditions. Some geochemical analogies have been found between the calculated metasomatic melts and the Austral Volcanic Zone adakites. In this case, the amount of sediment involved in the genesis of the infiltrating melts is larger than that previously proposed for the genesis of the erupted Patagonian adakites. Chemical^physical conditions favouring the upward percolation through the mantle wedge of these SiO 2 -rich and viscous melts are also discussed.
can take place in the sub-arc mantle wedge. The most common is the contamination by fluids released during the breakdown of the hydrous slab minerals and the consequent formation of new hydrous phases (mainly amphibole and phlogopite). There is growing evidence, however, that the mantle wedge can also be pervaded by felsic melts. These may result from the partial melting of the basaltic and sedimentary parts of the subducted slab. Their petrogenesis and composition have been simulated and experimentally reproduced (Rapp et al., 1999; Hermann & Green, 2001; Proteau et al., 2001; Klemme et al., 2002; Kessel et al., 2005; Hermann & Spandler, 2008; Castro et al., 2010) . In the case of melt percolation in addition to the enrichment of the original peridotite mineral phases, secondary orthopyroxene, arranged into radial, acicular aggregates and/or veins, forms at the expense of primary olivine (Gre¤ goire et al., 2001; Arai et al., 2003 Arai et al., , 2004 Ishimaru et al., 2007) . Silica-rich glasses found within peridotite xenoliths as interstitial films, patches and thin veins (Kepezhinskas et al., 1995; Schiano et al., 1995; Arai et al., 2004; Ishimaru et al., 2007; Ishimaru & Arai, 2009 ) also testify to the percolation of silica-oversaturated melts.
Calc-alkaline mafic volcanic rocks of the Andean Cordillera do not contain mantle xenoliths; in contrast, however, ultramafic nodules are abundant in plateau and post-plateau alkaline mafic lavas covering large areas of the Patagonia back-arc region (Rivalenti et al., 2004 (Rivalenti et al., , 2007 Bjerg et al., 2005; Lucassen et al., 2005; Ntaflos et al., 2007; Dantas et al., 2009) . These magmas are interpreted to have been generated as a consequence of slab window opening after the subduction of active ridge segments (D'Orazio et al., 2000 (D'Orazio et al., , 2001 (D'Orazio et al., , 2004 (D'Orazio et al., , 2005 Gorring & Kay, 2001 ). These Patagonian nodules are considered to be representative of the Andean mantle wedge, although the host lava emission centres are located far from the trench. In this context the Cerro del Fraile (CF) volcano has the distinction of being the closest to the Chile trench (Fig. 1) . Its ultramafic xenoliths provide a unique sample of a sector of the mantle wedge that is the nearest to the subducting Antarctic plate and that shows strong evidence of slab melt-related metasomatism (Kilian & Stern, 2002; Wang et al., 2007) . The CF lavas have variable magmatic affinities from alkaline (Nb 74^77·6 ppm, authors' unpublished data) to sub-alkaline arc-related (Nb 19·2 ppm; Kilian & Stern, 2002) similar to those typical of Nb-enriched arc basalts (NEAB; Kepezhinskas et al., 1996) that occur in a neighbouring locality (Meseta Vizcachas; Stern et al., 1990; Kay et al., 2004) . The CF basalts thus originated by melting of a mantle portion at least partially contaminated by subduction components, and the mantle xenoliths they bear can be considered to be fragments of the mantle wedge.
The various segments of the Antarctic plate, slowly subducted under the South American plate (at about 2 cm a À1 ), are young (with ages 520 Ma) and still hot; these are the ideal conditions to allow slab melting (Defant & Drummond, 1990; Peacock et al., 1994; Stern & Kilian, 1996) . All the volcanoes of the Andean Austral Volcanic Zone (AVZ) erupt adakites; that is, arc lavas whose composition completely fulfils the definition of Defant & Drummond (1990) for magmas generated by the partial melting of subducted oceanic crust (Sigmarsson et al., 1998; Castillo, 2006; Moyen, 2009) .
The relevance of studying the CF mantle xenoliths is clear if we consider the kind of metasomatism they record, which is caused by an adakite sensu stricto as already hypothesized by Kilian & Stern (2002) . Based on comprehensive petrographic analysis, new detailed geochemical data and mineral melting modelling, this study aims to characterize the physical^chemical conditions of the CF mantle wedge peridotites as well as the nature of the interacting slab melt responsible for the enrichments of mineral phases. This makes it possible to reconstruct the original composition of the melt and to trace back its evolution through a series of complex reactions with the surrounding peridotite wall-rock. In addition to peridotites, the CF mafic lavas also exhume orthopyroxenites, websterites and composite xenoliths that formed as cumulates within the mantle; their generation is strictly related to the melt metasomatizing the mantle wedge. Thus, in this study, peridotites and pyroxenites are included in a unitary petrological framework. Harambour, 1988) . Magmas with an adakitic signature have also been found in the fore-arc region on the Taitao Peninsula (Guivel et al., 1999; Lagabrielle et al., 2000) and at Cerro Pampa, 95 km NE of Cerro del Fraile (Kay et al., 1993) .
As a result of the anomalous thermal regime, south of the RTT triple junction the Benioff Zone is not marked by seismic events, but its dip has been estimated to be $158, whereas north of the RTT the Nazca plate subducts at a steeper angle, of $308 (Guivel et al., 1999; Heintz et al., 2005) . Crustal thickness has been estimated to be $30 km (Cande & Leslie, 1986; Heintz et al., 2005) .
The subduction of active ridge segments has resulted in the opening of a series of slab windows, associated with asthenospheric mantle upwelling and the extensive eruption of plateau lavas from late Miocene to recent times (Gorring et al., 1997; D'Orazio et al., 2004 D'Orazio et al., , 2005 . Minor alkaline post-plateau basalts exhume abundant mantle xenoliths, which provide information on the petrological characteristics of the back-arc lithospheric mantle ( Laurora et al., 2001; Rivalenti et al., 2004) . On the other hand, the Quaternary basalts (1^3 Ma; Fleck et al., 1972) of Cerro del Fraile (50832 0 49·49 00 S, 72838 0 29·17 00 W; Fig. 1 ) sample the sub-arc portion of the mantle wedge. This locality is about 70 km from the AVZ axis and 260 km from the Chile trench. Consequently, the CF xenoliths represent the mantle fragments from nearest the trench in the whole of Austral Patagonia (Kilian & Stern, 2002; Wang et al., 2007) .
P E T RO G R A P H Y
Mantle xenoliths were collected from lava flows and their talus deposits in the Cerro del Fraile area. The xenoliths are typically a few centimetres in diameter and the great majority of the sampled material appears very fresh, without major alteration (see Plate 1 in the Supplementary Data, available for downloading at http://www.petrology. oxfordjournals.org). The xenoliths are mainly composed of anhydrous spinel lherzolites (Fig. 2a) , with minor harzburgite, dunite, and pyroxenite. Some xenoliths are composite, with pyroxenitic portions (both clinopyroxenite and orthopyroxenite) cutting or mingling with a dunite matrix (Fig. 2b) . Because of the relatively small size of the xenoliths and the paucity of material left after the preparation of thin and thick sections, whole-rock analyses were not performed; thus estimates of the modal proportions were obtained by point counting, averaging two runs, with more than 2000 points counted on each thin section each time. The data are reported in Table 1 .
Lherzolites contain olivine (ol, 45·2^70·2 vol. %), orthopyroxene (opx, 19·5^42·8 vol . %, with six samples having opx !25 vol. %), clinopyroxene (cpx, 5·7^13 vol. %) and spinel (sp, 1·6^3·1vol. %). Opx/cpx and ol/opx ratios range from 2·12 to 4·60 and from 1·06 to 3·60, respectively. A progressive increase of modal opx (or decrease of cpx) from the least metasomatized sample (CF14) towards the most highly metasomatized sample (CF6-A) is also observed. Accordingly, the ol/cpx ratio increases from the most fertile (CF14) to the depleted cpx-poor lherzolite (CF6-A).
Harzburgites contain ol (51·9^87·6 vol. %), opx (6·63 7·5 vol. %), cpx (2·9^4·4 vol. %) and sp (0·9^6·2 vol. %). Dunites contain ol (88·7^99·0 vol. %), opx (up to 6·4 vol. %), cpx (up to 2·2 vol. %) and sp (0·5^4·9 vol. %).
Pyroxenites comprise one websterite (opx 59·3 vol. %, cpx 12·0 vol. %, plag 8·7 vol. %) and one orthopyroxenite (opx 87·3 vol. %, sp 0·8 vol. %). Two composite samples consist of dunite associated with clinopyroxenite (ol 4·0 vol. %, cpx 86·3 vol. %, sp 9·7 vol. %) or with orthopyroxenite (opx 77·2 vol. %, cpx 1·09 vol. %, plag 6·81vol. %).
Twelve representative samples of the various lithologies were analysed for their mineral major and trace element compositions (Table 1) .
Peridotites
According to Mercier & Nicolas (1975) most of the peridotite xenoliths are protogranular as evidenced by the presence of large ol and opx with lobate grain boundaries (Table 1, Fig. 2a ). Ol, always kinked, and opx reach the largest dimensions, up to 9 mm, whereas cpx is always smaller (up to 3 mm), and is associated with opx and, to a minor extent, sp. Opx can be found in three textural occurrences. The most common is composed of large irregular crystals often clustered in groups, with well-developed exsolution lamellae ( Fig. 2c and d) . In the second case opx is small, with curvilinear boundaries, and is devoid of exsolution lamellae; it is disseminated among, and in some cases replaces, ol crystals ( Fig. 2e and f) . In sample CF12 opx is also observed in very small veins (on average 250 mm wide) cutting the primary mineral paragenesis, associated with secondary subhedral ol, oxides, cpx, anhedral plagioclase and, possibly, glass (Fig. 2g and h) . No evidence of destabilized or reabsorbed opx has been observed, except for grains in contact with the alkaline host basalt.
The great majority of the cpx in lherzolites and harzburgites (cpx1) is pale green in colour and occurs as blebs, often in contact with the large opx grains with curvilinear boundaries (Fig. 2a) , and exsolution lamellae. In dunites cpx appears elongated, often with melt inclusions, and is interstitial with a low dihedral angle between ol crystals (Fig. 2i) . Apart from the cpx in CF 14, whose chemical composition is very homogeneous (see Mineral Chemistry section), some cpx in lherzolites and harzburgites texturally resemble those present in dunites.
Spinel is dark brown (Fig. 2j ) and has a sub-euhedral shape when enclosed in ol and/or opx crystals. It forms larger, vermicular aggregates when associated with cpx and opx. In some samples it develops a thick, dark, recrystallized rim, whether or not it is close to the host basalt. In dunite CF1 all the spinels are completely black and elongated, with a hint of foliation.
In lherzolites CF6-A, CF12 and CF16 spongy-rimmed cpx and sp are characterized by a well-developed, thick corona of secondary crystals (ol2, cpx2, sp2 and plag/ glass?) ( Fig. 2k and l) .
Opx in lherzolites CF9 and CF16 host a particular structure, characterized by small, rounded, cloudy-black patches ['solidified melt' according to Wang et al. (2007) ]. These are composed of a mixture of secondary crystals of ol, ilmenite, sulfides and cpx dispersed in a plag/glass(?) matrix, with a rim of small equant grains of cpx2 and ol2 towards the host opx (Fig. 2m) .
Different types of veins cross-cut the peridotites. The rarest, found only in lherzolite CF12, is composed of opx, cpx2, ol2 and oxides in a plagioclase, possibly with glass matrix (Fig. 2n) . The most abundant are small veins (average 100 mm wide) of plagioclase and secondary crystals (cpx, ol, ilmenite) . Similar veins have previously been reported for Cerro del Fraile mantle xenoliths (Kilian & Stern, 2002; Wang et al., 2007) and might be related to the formation of the black patches. In some cases they are clearly related to the host magma, but it cannot be excluded that they reflect percolation at depth of alkaline melts just before xenolith entrainment.
Websterite and orthopyroxenite
CF6-C is a meso-cumulitic, plagioclase-bearing websterite (Table 1 and Supplementary Data). Cumulus minerals are of large (up to 4 mm across) euhedral to sub-euhedral brown opx and greenish cpx showing noticeable cleavage. In most cases the opx rims are diffusely destabilized and develop a thick recrystallized fringe composed of small oxides and other unresolved submicroscopic phases; cpx always has a cloudy, spongy surface. Large plagioclase crystals completely fill the intercumulus pores; they lack zonation and are sometimes associated with dark areas composed of very small ol, cpx, ilmenite, rho« nite, and amphibole grains. These destabilization features (reacted opx and dark areas) are magnified toward the xenolith edge and are due to the effect of host basalt heating and infiltration, possibly even some time before the entrainment of the sample. Fluid inclusions are commonly observed in both opx and cpx crystals.
Orthopyroxenite CF7 (Table 1) also has a meso-cumulitic texture (see Supplementary Data). It is a very fresh sample composed of large sub-euhedral to euhedral opx crystals up to 6·5 mm in diameter, poikilitically enclosing a large amount of small rounded spinels. At the contact with the intercumulus material the opx shows a recrystallized rim made up of ol and plagioclase, which blends into a mixture of small acicular plag, cpx, ol and oxides, whose dimensions tend to decrease toward the centre of the intercumulus space. Neither destabilization nor reaction processes can be identified at the centre of the xenolith, whereas opx develops a dark recrystallized rim that becomes progressively thicker approaching the host basalt (see Supplementary Data).
Composite samples
Samples CF3 and CF6-B (see Supplementary Data) are made up of a dunite matrix cut by or mingled with a Wall (1987) , modified by Ballhaus et al. (1991) . zÁlog fO 2 calculated using T from Brey & Kö hler (1990) . §Álog fO 2 calculated using T from O 'Neill & Wall (1987) , modified by Ballhaus et al. (1991) . ôAnalysed samples.
Bold T values are considered the most reliable for the system. Lh, lherzolite; Hz, harzburgite; Dn, dunite; Wb, websterite; Cpxte, clinopyroxenite; Opxte, orthopyroxenite.
spinel-bearing clinopyroxenite vein and a plagioclasebearing orthopyroxenite respectively. Boundaries between the matrix and the veins are lobate but sharp, indicating no reaction between the two lithologies. These samples will be referred to subsequently as CF3(Dn) and CF6-B(Dn) for the peridotitic parts and as CF3(Clinopyroxenite) and CF6-B(Orthopyroxenite) for the pyroxenitic parts (Table 1) . CF3(Dn) has a protogranular texture, with large olivine grains characterized by strong kink-banding. Opx is found only around spinels, clustered in small rounded or polygonal single grains (up to 1·2 mm) that are devoid of exsolution lamellae (Fig. 2j) . Rare large ovoid sp are dispersed between ol grains. CF3(Clinopyroxenite) is characterized by a mosaic equigranular orthocumulate texture; the contact with the host dunite is sharp and lobate. Its backbone consists of equant cpx crystals (up to 2·3 mm across) with marked exsolution lamellae, fluid inclusion trails and spongy patches of unresolved phases; a minor amount of ol is also present. Sp is found both as small grains within cpx and as large isolated crystals with destabilized rims.
CF6-B(Dn) is composed entirely of large and slightly deformed ol (Fig. 2b) . The contact between dunite and orthopyroxenite is sharp, lobate or rectilinear with opx clearly embedding dunitic ol (Fig. 2o) . CF6-B(Orthopyroxenite) is an orthopyroxenitic pod from which two thick veins infiltrate the peridotitic matrix (Fig. 2b) . Opx is arranged in a cumulitic texture, with large (up to 5 mm across) subhedral to euhedral crystals characterized by a distinctive cleavage and containing fluid inclusions. Similar to CF6-C and CF7, thick cloudy rims develop toward the edge of the sample at the contact with the host basalt, where large portions of the crystals are destabilized into a mixture of secondary ol, cpx and plag, possibly with glass. Plagioclase also grows as large crystals filling the inter-cumulus space; in some cases it exhibits a sieve texture and long trails of inclusions, but does not show zonation. It is often in contact with dark patches, which back-scattered electron (BSE) microscopy has revealed to be composed of a chaotic assemblage of secondary ol, cpx, ilmenite, rho« nite and amphibole (Fig. 2p) . These destabilization features (reacted opx and dark patches) are due to the effect of host basalt heating and infiltration at depth or during magma ascent.
M I N E R A L C H E M I S T RY
Major element compositions of the xenolith minerals were determined by CAMECA SX50 electron microprobe at the laboratories of UMR 5563 (LMTG, Observatoire Midi-Pyrenees of the University Paul Sabatier, Toulouse III). Operating conditions were set at 15 kV, 20 nA and 10^30 s counting time, using natural and synthetic standards for calibration. Nominal concentrations were subsequently corrected using the PAP data reduction method (Pouchou & Pichoir, 1984) . Detection limits range from 0·01 to 0·05 wt %. Fe 3þ /Fe 2þ in pyroxenes and spinels were calculated from electron microprobe analysis (EMPA) to satisfy stoichiometry according to the models of Carswell & Gibbs (1987) and Wood & Virgo (1989) respectively.
Trace element contents in pyroxenes and feldspars were determined in situ by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) using an Agilent 7500 ICP-MS instrument (Observatoire Midi Pyre¤ ne¤ es, University Toulouse III) coupled to a commercial Femtosecond Ti^Sapphire laser based on the chirped-pulse amplification (CPA) technique (Ro« ser et al., 2005) . NIST 610 and NIST 612 standard glasses were used to calibrate relative element sensitivities. Each analysis was normalized using CaO (for cpx and pl) and SiO 2 (for opx) values previously determined by electron microprobe. A beam diameter of 50^100 mm and a scanning rate of 20 mm s^1 were used. The theoretical limits of detection range from 10^20 ppb for REE, Ba, Th, U and Zr to 2 ppm for Ti. The accuracy of a typical laser analysis is between 1 and 10% relative (for further details see Gre¤ goire et al., 2010).
Peridotites

Olivine and spinel
Primary olivines (ol1) have similar compositions in lherzolite, harzburgite and dunite (Table 2 ). NiO contents match the typical values of mantle olivines but they are variable among the samples, ranging from 0·27 to 0·57 wt % (Fig. 3) . CaO in ol1 is always below 0·13 wt %. Secondary olivines (ol2) in spongy cpx rims have similar mg# [¼ 100 Â Mg/(Mg þ Fe tot )] to ol1, but tend to have slightly lower NiO (0·48^0·17 wt %) and higher CaO (up to 0·16 wt %). Ol close to or in contact with basaltic veins (Ol-hb, Fig. 3 ) or within black patches close to opx (Ol-bp, Fig. 3 ) becomes poorer in MgO (mg# 86·8^76·2) and NiO (0·41^0·08 wt %), and richer in CaO (0·09^0·30 wt %), as typically observed in all cases of host-basalt infiltration (Coltorti et al., 2004; .
Irrespective of lithology, sp has similar compositions and defines a depletion trend with mg# varying from 69·0 to 77·4 and cr# [(Cr/(Cr þAl) Â 100 mol] from 15·6 to 48·3 (Table 3) . Sp in cpx-poor lherzolite CF6-A is characterized by very low mg# (61·0^65·0) and high cr# (42·9^54·6) (Fig. 4) . As for olivine, sp in dunite CF1 records a decrease of mg# approaching a host basalt vein, as indicated by the displacement towards iron-rich compositions (Coltorti et al., 2004; . The Cerro del Fraile peridotite suite overlaps the field of abyssal peridotites and, among the various supra-subduction xenolith populations (see , and references therein) it fits well into the Ichinomegata field. 
Orthopyroxene
Irrespective of lithology, opx have mg# varying between 89·5 and 91·3 (average 90·6); the only exception is dunite CF1, whose opx have lower mg# (87·9^88·6) ( Table 4 , Fig. 5a ), probably owing to the effect of host basalt infiltration. Al 2 O 3 displays similar ranges in both harzburgites and lherzolites, varying between 2·60 and 4·18 in the former and between 1·33 and 4·20 in the latter; opx in dunite CF1 has an average Al 2 O 3 value of 2·06 wt % (Fig. 5a ). No significant difference in composition has been detected between large protogranular opx and smaller opx without exsolution lamellae. Opx in small veins have been revealed only through BSE imaging. Qualitative analyses by energy-dispersive spectrometry indicate an Al 2 O 3 -rich composition (5·0^5·7 wt %) at mg# 88, intermediate between those of the peridotites and pyroxenites. On the whole, opx in CF peridotites falls within the worldwide supra-subduction opx1 field, bearing a close similarity to other Patagonian mantle xenoliths, which tend, however, to be higher in TiO 2 with respect to those from Cerro del Fraile ( Fig. 5a and b) . Opx in supra-subduction zone mantle xenoliths generally have depleted chondrite-normalized REE patterns (see Rivalenti et al., 2004; Vannucci et al., 2007) . In Cerro del Fraile two kinds of opx can be recognized, even within the same sample ( Fig. 6a and b ; Table 5 ). Opx within the veins are too small to be analyzed for their trace element contents. Type 1 is characterized by a depleted REE pattern with very low (La/Yb) N (0·02^0·21), Zr/Zr* {¼ (Zr) N / [(Nd) N þ (Sm) N ]/2} generally higher than unity (0·49^6·71), and Th and U contents varying between 0·20 and 1·64 Â Chondrite ( Â Ch) and between 0·66 and 3·16 Â Ch, respectively ( Fig. 6a and b) .
Type 2 REE patterns are concave with a minimum at Eu; they have higher (La/Yb) N (1·18^2·81), Zr/Zr* (18·5^67·8) and Th and U values with respect to Type 1 ( Fig. 6a and b) .
Only Type 2 opx is represented in dunite CF3. Enriched opx (Type 2) are, however, also found in harzburgite (CF 10) and cpx-poor lherzolite (CF6-A) together with Type 1 opx (Fig. 6 ).
Clinopyroxene
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Rock type:
0·85^1·01wt %, respectively, Fig. 7c ), whereas Cr 2 O 3 contents are similar for lherzolites and harzburgites (0·52^1·30 wt % and 0·33^1·04 wt %, respectively) and have the highest value in CF1 (0·92^1·90 wt %). It is evident that these chemical variations are not correlated with modal cpx abundance ( Table 1) . As for opx no significant differences in composition between protogranular and interstitial, without exsolution lamellae, cpx have been found. Cpx2 have different compositions depending on their textural position. Those found within the small vein of host basalt infiltrating the sample (Cpx2 hb, lherzolite CF14) are lower in mg# and higher in TiO 2 , Al 2 O 3 and CaO with respect to cpx1 ( Fig. 7a and b) at comparable Na 2 O values (Fig. 7c ). Cpx2 found in cpx1, opx and sp spongy rims (Cpx2 sr), as well as in black patches within opx (Cpx2 bp) have mg# values comparable with or slightly lower than those of cpx1. They exhibit an abrupt depletion in CaO, compared with both Cpx2 hb and cpx1. Their Al 2 O 3 contents range from very low values when rimming opx (0·61^2·68 wt %) to high values when they grow at the expense of sp (2·69^5·74 wt %, Fig. 7b ).
According to their trace element and REE patterns, cpx1 can be divided into four groups (Fig. 8a^f , Table 7 ). Trace element distributions are very homogeneous in CF 14 (referred to as Group 1), both intra-grain and inter-grain (4 15 analyses on different grains). The other three groups have highly variable trace element contents, with positive or negative Zr and Sr anomalies that can be found even within the same sample (e.g. CF6-A). Their chemical compositions show some correspondence to the textural position ( Fig. 2a and i) . Cpx with exsolution lamellae have depleted compositions (Groups 1 and 3), whereas interstitial cpx records the highest enrichment (Groups 2 and 4) (Figs 7 and 8). Cpx-poor lherzolite, CF6-A, contains both types: cpx grains with low high field strength element (HFSE) and middle to heavy rare earth elements (MREE^HREE) coexist with those enriched in HFSE and REE (Fig. 8) ; sometimes the former have compositions that gradually approach the latter.
Group 1 contains only lherzolite CF14. Its trace element content is very homogeneous and, on average (more than 15 analyses on different grains), it has the most light REE (LREE)-depleted patterns, with HREE at about 7 Â Ch, (La/Yb) N ¼ 0·05, with (Th) N and (U) N having the lowest values (5·65 and 15·1 ÂCh respectively) of the entire population. It is also characterized by remarkable Zr and feeble Ti and Sr negative anomalies, with Zr/Zr* ¼ 0·13, Group 4 (CF1 Dn, CF-6A Lh, CF16 Lh) is clearly distinguished from the other groups ( Fig. 8c and f) . These cpx are enriched in LREE^MREE [(La/Yb) N ranging from 2·06 to 12·8, average 7·57], but have relatively low HREE contents [(Yb) N 1·81^6·72]. Sr and Zr anomalies vary from strongly negative to slightly positive (Sr/Sr* 0·22^1·72; Zr/ Zr* 0·36^8·47), whereas the Ti anomaly is always negative (Ti/Ti* 0·05^0·77). They are highly enriched in Th and U (up to 86 and 84 Â Ch respectively) (Fig. 8c ).
Feldspar
Alkali feldspars have been found in host basalt infiltration textures within peridotites (Bonadiman et al., 2005, and references therein) . In lherzolites CF6-A, CF14 and CF16 small euhedral to sub-euhedral anorthoclase and sanidine crystals (SiO 2 64·2^67·4 wt %; CaO 0·16^2·62 wt %; Na 2 O 5·22^8·20 wt %; K 2 O 2·24^8·92 wt %; Table 8 ) are present within veinlets clearly related to host basalt infiltration or in spongy cpx, opx and sp rims cut by these veinlets.
Plagioclase constitutes the matrix of the black patches close to the opx of lherzolites CF9 and CF16, and is also found as small crystals in the rims of spongy cpx in CF16. In both cases plagioclase varies in composition from labradorite to oligoclase (SiO 2 55·1^62·9 wt %; CaO 5·27^11·4 wt %; Na 2 O 5·04^8·20 wt %; K 2 O 0·21^0·78 wt %), showing no correlation between Ab^An content and textural position.
Websterite and orthopyroxenite Olivine and spinel
Ol in CF7 orthopyroxenite is found only in black patches (ol-bp, Fig. 3 ). It is characterized by a lower mg# (69·9^73·6) and NiO (0·02^0·22 wt %) content with respect to peridotite ol1, with CaO contents (0·07^0·16 wt %) between those of ol1 and olivine related to host basalt infiltration in peridotites. The only analysed spinel was found in the intercumulus patches of CF7. Its mg# (25·7) is lower than that of the peridotite spinels at a comparable cr# (26·2).
Orthopyroxene
Opx in CF6-C websterite (Wb) and CF7 orthopyroxenite are characterized by lower MgO (21·3^26·5 wt %) and mg# (67·4^76·3) and slightly higherTiO 2 (0·15^0·53 wt %) with respect to opx from worldwide subduction-related peridotites (including those from CF) and pyroxenites ( Fig. 5a and b, Table 4 ). CaO contents are variable and high (0·802 ·69 wt %). Al 2 O 3 variesbetween 3·14 and 5·06 wt %, falling within the range for peridotite and pyroxenite opx from subduction zones, but is lower than inTakashima orthopyroxenites (Fig.5b) .
Chondrite-normalized trace element patterns of opx of both pyroxenites are similar ( Fig. 6c and d, Table 5 ). They are characterized by flat REE patterns, with (La/Yb) N ratios varying between 0·34 and 0·50 and MREE higher than or comparable with HREE contents; Zr/Zr* is lower (11·0^26·1) and Th and U contents are higher (up to 7·75 and 9·56 Â Ch, respectively) than for the opx of peridotites.
Clinopyroxene
Cpx in pyroxenites have low mg# (74·1^77·0) and almost constant TiO 2 contents (0·51^0·67 wt %, Fig. 7a , Table 6 ); Al 2 O 3 is variable, up to 7·45 wt % (Fig. 7b) . Their CaO and Cr 2 O 3 contents are lower than those of cpx in peridotite samples (16·2^20·7 wt %, Fig. 7c , and 0·15^0·32 wt %, respectively) at comparable Na 2 O contents (0·60^0·90 wt %, Fig. 7c ).
Only the CF6-C websterite cpx were large enough to allow trace element analyses. They are characterized by slightly enriched REE patterns, with (La/Yb) N ranging from 1·92 to 2·55 and negative Sr (Sr/Sr*, 0·29^0·41) and Zr anomalies (Zr/Zr*, 0·41^0·60) ( Fig. 9a and b ; Table 7 ). Wang et al., 2007) . CF C-Type, CF C-Type peridotites; CF F-Type, CF F-Type peridotites (Wang et al., 2007) ; abyssal peridotites (Dick & Bullen 1984) ; Avacha, Kamchatka ; Simcoe, western USA (Brandon & Draper, 1996) ; Merelava, Vanuatu (Barsdell & Smith, 1989) ; Ichinomegata, Japan (Wood & Virgo, 1989; Parkinson & Arculus, 1999) ; Grenada, Lesser Antilles (Parkinson et al., 2003) . ( 
Feldspars
The large intercumulus plagioclase of the CF6-C websterite varies in composition from labradorite to andesine (Table 8 ). In contrast, the small acicular alkali feldspars (mainly sanidine) are found within the intercumulus patches in the CF7 orthopyroxenite. In chondrite-normalized trace element diagrams (not shown) CF6-C websterite plagioclase has a LREE-enriched pattern (3^5 Â Ch), and shows the typical Ba, Sr and Eu positive anomalies (53·3, 157 and 14·5 Â Ch, respectively).
Composite samples Olivine and spinel
Ol1 in CF3 (Dn) has a homogeneous composition, with mg# (89·5^89·6, Fig. 3 , Table 2 ), and NiO (0·33^0·34 wt Ol1 in CF6-B (Dn) have mg# values that are slightly lower than those in the harzurgites and lherzolites (87·1^87·6, Fig. 3) , at comparable NiO (0·36^0·44 wt %, Fig. 3 ) and CaO (0·02^0·05 wt %) contents. The small cumulitic ol of CF6-B (orthopyroxenite) are characterized by lower mg# (83·4^80·4, Fig. 3 ) at NiO (0·44^0·46 wt %) and CaO (0·03^0·04 wt %) contents comparable with those of peridotites. The few very small ol found in the black patches have even lower mg# (79·6^77·4), but comparable NiO and higher CaO (0·13^0·34 wt %) contents.
Sp in CF3 (Dn) and CF3 (clinopyroxenite) have cr# and mg# similar to those of the harzburgites (25·5^29·5 and 70·5^71·7, respectively; Fig. 4 ; Table 3 ). No sp was found in CF6-B (Dn) and CF6-B (orthopyroxenite).
Orthopyroxene CF3 (Dn) contains opx that are compositionally identical to those of the peridotite samples in terms of major elements ( Fig. 5a and b; Table 4 ). No opx were found in CF3 (clinopyroxenite).
Opx of CF6-B (orthopyroxenite) have MgO contents and mg# values that fall between those of pyroxenites and peridotites (26·0^30·9 wt %; 78·2^86·9, respectively), whereas their TiO 2 contents are slightly lower (0·100 ·29 wt %) at comparable Al 2 O 3 and CaO contents (2·98^4·64 wt % and 0·73^2·61wt %, respectively). The CF6-B (orthopyroxenite) opx typically fall on variation trends that start with peridotites and extend towards orthopyroxenites or websterite (Fig. 5) .
Opx in CF3 (Dn) has a concave REE pattern (Fig 6b,  Table 5 ), with (La/Yb) N of 1·27 and a minimum at Tb. HREE contents are lower than both CF6-B (orthopyroxenite) and other pyroxenite samples ( Fig. 6c and d ; Table 5 ). The trace element pattern is similar to that of opx Type2 of the peridotite group.
CF6-B (orthopyroxenite) opx have an almost flat REE pattern [(La/Yb) N 0·70] with marked negative Zr and positive Ti anomalies, and Th and U contents reaching 1·45 and 2·92 Â Ch, respectively ( Fig. 6c and d ; Table 5 ). They show close similarities to the opx patterns in both websterite and orthopyroxenite.
Clinopyroxene CF3 (clinopyroxenite) cpx have major element compositions identical to cpx1 in peridotite samples ( Fig. 7a^c ; Table 6 ), except for TiO 2 , which tends to be higher (0·14^0·35 wt %, Fig. 7a ). The two small grains of cpx1 in CF6-B (Dn) are comparable with dunite CF1 cpx1 in terms of mg# (88·5^89·3), Al 2 O 3 (3·58^3·68 wt %), CaO and Na 2 O (22·0^22·2 wt % and 0·67^0·68 wt %, respectively) ( Fig. 7) , but tend to be lower in Cr 2 O 3 (0·78^1·17 wt %) and higher in TiO 2 (0·10^0·34 wt %, Fig. 7a ).
Cpx crystallites in the black patches have low mg# (72·2^79·8) and are extremely high in TiO 2 (2·15^4·13 wt %; Cpx2 bp, Fig. 7a ) and Al 2 O 3 (5·52^11·8 wt % , Fig. 7b) ; their Na 2 O and CaO contents are comparable with those of cpx1 in peridotite samples (Fig. 7c) , whereas Cr 2 O 3 is below the detection limit.
The small cpx of CF6-B (orthopyroxenite) have an almost flat REE pattern [(La/Yb) N 1·42; (Gd/Yb) N 1·00), Fig. 8a with a strong positive Sr anomaly (Sr/Sr* 2·73^6·72) and mild negative Zr and Ti anomalies (Zr/Zr* 0·56^0·81; Ti/Ti* 0·41^0·76) ( Fig. 9a and b ; Table 7 ).
Feldspars
Plagioclase in CF6-B (orthopyroxenite) varies in composition between labradorite and andesine (Table 8) , as in the CF6-C websterite. Rims towards opx do not show any variations with respect to the centre of the crystal.
In chondrite-normalized trace element diagrams their patterns overlap those of plagioclase in CF6-C Wb, with LREE contents of 2·35^3·45 Â Chondrite, low HREE and similar positive anomalies in Ba (69·4 Â Ch), Sr (128 Â Ch), and Eu (9·2 Â Ch).
M I N E R A L E Q U I L I B R I U M C O N D I T I O N S , T E M P E R AT U R E A N D OX YG E N F U G AC I T Y E ST I M AT E S
Fe/Mg molar ratios of ol, opx and cpx core pairs from peridotites and peridotitic portions of composite samples are plotted in Fig. 9a and b for comparison with the equilibrium lines derived from the equations experimentally obtained by Brey & Ko« hler (1990) at 10008C for mantle Nd  0·028  0·23  0·012  0·028  0·081  0·370  0·021  0·065  0·35  0·033  0·023  0·37  0·403  0·442   Zr  0·529  0·834  0·187  0·463  3·27  2·00  3·950  3·95  0·070  2·21  2·00  5·93  8·94   Hf  0·181  0·181  0·227  0·43   Sm  0·010  0·060  0·005  0·012  0·015  0·113  0·006  0·025  0·076  0·014  0·009  0·113  0·322   Eu  0·005  0·015  0·003  0·005  0·004  0·048  0·003  0·012  0·021  0·009  0·006  0·048  0·106  0·106   Ti  205  436  206  61·7  6 0 ·1  1400  313  342  378  350  136  1400  1280  1947   Gd  0·021  0·056  0·018  0·023  0·020  0·187  0·011  0·060  0·054  0·034  0·187  0·315  0·580   Tb   Dy  0·035  0·066  0·043  0·034  0·032  0·240  0·049  0·105  0·110  0·111  0·050  0·240  0·360  0·523   Y  0 ·339  0·511  0·531  0·155  0·243  1·74  0·790  0·983  1·21  1·10  0·359  1·74  2·13  1·88   Ho  0·012  0·018  0·016  0·009  0·012  0·060  0·021  0·032  0·035  0·382  0·177  0·060  0·081  0·111   Er  0·051  0·076  0·076  0·040  0·043  0·203  0·114  0·125  0·150  0·139  0·068  0·203  0·274  0·280   Yb  0·086  0·139  0·139  0·057  0·062  0·240  0·192  0·185  0·230  0·217  0·112  0·240  0·403  0·290   Lu  0·023  0·035  0·034  0·014  0·014  0·048  0·041  0·045  0·059  0·041  0·022  0·048  0·036  0·083 Lh, lherzolite; Hz, harzburgite; Dn, dunite; Opxte, orthopyroxenite; Wb, websterite. Abbreviations in parentheses are lithotype of composite samples. (See text for full description.) n, number of averaged analyses. Ba  0·228  0·230  0·186  0·230  0·156  0·162  0·424  0·087  2·22  3·89  0·368  0·277   Th  0·437  0·490  0·603  0·432  0·326  1·16  1·345  0·706  0·164  0·994  0·958  0·916  0·942   U  0 ·160  0·188  0·294  0·132  0·349  0·384  0·255  0·121  0·255  0·227  0·228  0·088   Nb  0·143  0·200  0·129  0·138  0·530  0·639  0·363  0·294  0·113  7·00  0·293  0·219   Ta  0·052  0·009  0·024  0·283  0·051   La  4·65  2·05  2·89  2·04  1·090  4·33  5·41  1·77  0·090  9·60  16·9  4 ·19  1·98  3·27   Ce  7·30  2·41  3·03  2·43  1·550  6·00  7·00  2·42  0·067  18·3  4 parageneses to check the existence of equilibrium between the silicate phases ( Fig. 10a and b) . The great majority of the samples lie close to the ol^opx equilibrium line (Fig. 10a ) except for some ol^opx pairs in harzburgites that plot away from the line. In dunite CF1 just one opx crystal is present, and this was coupled with all the ol cores in the sample. Ol compositions are influenced by host basalt Fe diffusion, as they show an abrupt increase in their Fe/Mg ratios close to basaltic veins. It is interesting to note that Fe diffusion may have also modified some opx, as only adjacent ol^opx pairs approximate the equilibrium line.
A different situation arises with ol^cpx pairs (Fig. 10b ): apart from CF14 Lh, all the other peridotites diverge from the equilibrium line, with CF1 Dn showing the highest degree of disequilibrium. This difference in the degree of equilibrium between ol and cpx (diopside) could be due to their different origins; for example, time and/or temperature of formation or metasomatic crystallization. The subsequent subsolidus equilibration is not able to reset the disequilibrium, as there is probably only a short time gap between the metasomatic event and the exhumation of the xenoliths. Consequently, a lack of Fe^Mg equilibrium is also observed between opx and cpx (not shown). It is evident that in all samples, apart from CF14 Lh, cpx have a Fe/Mg ratio that is out of equilibrium with the ol^opx system.
In contrast, ol seem to be in equilibrium with sp in most of the samples studied (Fig. 10c) . The equilibrium line was calculated referring to the distribution of Mg and Fe 2þ between ol and (Mg^Fe) aluminium components in sp (spinel sensu stricto and hercynite), which was determined at a temperature of 13008C by Jamieson & Roeder (1984) . The spinel end-members were calculated assuming that all Ti and Fe 3þ (as determined by stoichiometry) form ulvo« spinel and magnetite components, respectively. The majority of CF ol^sp core pairs lie parallel to the equilibrium line but at lower K D Sp (X herc Fe2þ /X herc Mg ). An inverse temperature^ol^sp equilibrium coefficient relationship is expected from thermodynamic equilibrium equations (i.e. Total  99·35  100·04  99·89  99·37  100·91  99·53  100·44  100·47  100·37  99·55  99·36  99·32  99·03  97·68   Si  2·927  2·955  2·978  2·994  2·994  2·976  2·524  2·479  2·493  2·588  2·649  2·504  2·535  2·550   Ti  0·003  0·000  0·000  0·000  0·008  0·007  0·002  0·002  0·002  0·000  0·000  0·001  0·001  0·000   Al  1·066  1·033  1·015  0·995  0·995  0·990  1·452  1·495  1·481  1·403  1·346  1·488  1·458  1·434   Fe tot  0·013  0·017  0·012  0·005  0·010  0·010  0·005  0·011  0·014  0·005  0·001  0·003  0·004  0·003   Ca  0·072  0·047  0·022  0·010  0·014  0·050  0·515  0·552  0·534  0·419  0·355  0·511  0·474  0·483   Na  0·627  0·637  0·458  0·523  0·490  0·498  0·473  0·440  0·469  0·565  0·630  0·484  0·502  0·510   K  0 ·287  0·317  0·515  0·484  0·468  0·475  0·023  0·021  0·012  0·028  0·024  0·013  0·027  0·017   SumCat  4·995  5·007  5·000  5·012  4·979  5·006  4·994  5·001  5·004  5·009  5·006  5·003 5·001 4·996 Liermann & Ganguly, 2003) and the Jamieson & Roeder (1984) experimental equilibrium temperature is too high compared with the temperatures estimated for most of the mantle xenoliths sampled by basaltic lavas (900^11008C, Pearson et al., 2003) . The mineral pair Fe^Mg disequilibria makes the choice of a suitable geothermometer difficult, as the most reliable geothermometers for spinel-bearing mantle parageneses are based on Fe^Mg exchange between the main peridotitic minerals (i.e. O'Neill & Wall, 1987; Brey & Ko« hler, 1990; Ballhaus et al. 1991; Liermann & Ganguly, 2003) . The lack of equilibrium between opx and cpx in the CF samples rules out the use of the two-pyroxene geothermomether of Brey & Ko« hler (1990) , with the exception of CF14 lherzolite (Fig. 10) , which records an average estimated equilibrium temperature of 10068C (Table 1) . Because the best equilibrium is registered for the majority of ol and sp pairs, the temperatures calculated with the ol^sp thermometer of O 'Neill & Wall (1987) , as modified by Ballhaus et al. (1991) , should in theory be chosen as preference. However, the values obtained from both thermometers are comparable (Table 1) apart from two samples (cpx-poor lherzolites CF14 and CF16). Temperatures obtained with the Ballhaus et al. (1991) thermometer vary between 662 and 9358C, whereas those calculated with the Brey & Ko« hler (1990) thermometer are slightly higher, ranging from 872 to 10068C. The Fe^Mg interdiffusion coefficients between the opx and cpx pairs are lower than those for ol (Ganguly & Saxena, 1987; Chakraborty, 1997) ; this implies that the closure temperature should be controlled by the mineral with the slower diffusion property. Moreover, the Brey & Ko« hler (1990) equations were determined for the CMASCr system (Nickel, 1989) , which would minimize the Fe^Mg disequilibrium effects. For these reasons and to have a homogeneous dataset, the Brey & Ko« hler (1990) results are preferred here.
Estimated temperatures obtained with both geothermometers were used for oxygen fugacity calculations according to the Ballhaus et al. (1991) equation, based on the equilibrium of the upper mantle ol^opx^sp assemblage. The fO 2 calculated using the two-pyroxene Brey & Ko« hler (1990) geothermometer is similar, within the error of the method (SD AE 0·3), to that obtained using the olivine^spinel Ballhaus et al. (1991) geothermometer. The pressure for the fO 2 calculation is assumed to be 15 kbar. Results are reported in Table 1 and in Fig. 11 . Hereafter fO 2 values refer to those obtained with the equation of Brey & Ko« hler (1990) , with the exception of sample CF3 (Dn) where cpx is not present.
CF samples yield fO 2 ranging from Álog fO 2 (QFM)1 ·21 to þ1·39 and all samples (except one) fall within the range of abyssal peridotites [Álog fO 2 (QFM) ¼^2·0 to þ1·0; Foley, 2011] ; worldwide supra-subduction zone xenoliths have more scattered values and are, in general, more oxidized (Wang et al., 2007; Foley, 2011) . The most oxidized CF1 Dn (þ1·39) has probably been contaminated by the host basalt. If this sample is disregarded, the average Álog fO 2 (QFM) value is^0·34 (AE0·49), which is in close agreement with the results obtained by Wang et al. (2007) (Fig. 11) . Those researchers found the most reduced conditions in the highly metasomatized fine-grained 'F-Type' xenoliths [according to the classification of Arai et al. (2004) ], whereas in our collection all samples are 'C-Type' (coarse grained).
D I S C U S S I O N Melting modelling
To evaluate the possible role of partial melting processes in the lithospheric mantle beneath Cerro del Fraile, various melting models based on mineral chemistry (major and trace elements) have been applied. It is well known that the HREE content of peridotites is primarily dependent on the degree of partial melting (Niu, 1997; Liang & Parmentier, 2010; Liang & Peng, 2010) . In this sense the most popular geochemical models to evaluate the degree of melting are based on the HREE variations in the main mineral acceptors: opx and cpx (Johnson et al., 1990; Zou & Reid, 2001; Bonadiman et al., 2005; Hellebrand et al., 2005; Salters et al., 2006) . The simple equation of Johnson et al. (1990) for fractional melting in the spinel stability field is able to reproduce the MREE^HREE distribution patterns of the four cpx groups in the Cerro del Fraile peridotites. The fertile cpx trace element starting composition (REE plus Zr, Ti and Y) has been calculated from the McDonough & Sun (1995) primitive mantle (PM) composition assuming modal contents of ol 55 vol. %, opx 22 vol. %, cpx 20 vol. %, sp 3 vol. % (Bonadiman et al., 2005) . The eutectic composition is from Johnson et al. (1990) , at 1·5 GPa. Group 1 cpx (the least metasomatized CF14 Lh) overlaps the model 8^10% fractional melting (F) patterns (Fig. 12a) , with the exception of La and Zr, which are the most sensitive elements to any chemical variation in peridotite systems (Ionov et al., 2002; . The petrographic and chemical characteristics of this sample, such as (1) the modal proportions and the opx/cpx or ol/cpx ratios (ol 65 vol. %, opx 23 vol. %, cpx 10 vol. % sp 2·5 vol. %), (2) the remarkable chemical homogeneity in terms of major and trace element mineral compositions, (3) the Fo content of olivine (c. 90), and (4) the MREE/HREE ratio in cpx, are consistent with it being residual after a partial melting event starting from a fertile composition. Taking into account these characteristics it is highly unlikely that this sample could be the product of melt^rock interaction and/or refertilization processes. Group 2 cpx record a clear LREE enrichment, whereas their MREE^HREE patterns mimic the 10^15% theoretical fractional melting profiles (Fig. 12a) . This group has an adequate cpx modal content for the degree of partial melting inferred from the HREE cpx modelling. On the other hand, the opx/cpx ratio is the highest of the entire population; the opx modal proportions are extremely variable (6^43 vol. %), which is incompatible with a single partial melting event. As discussed below, it is likely that opx has been added to the system. Group 3 cpx are characterized by convex-downward REE patterns with very low HREE contents [down to 1·4 for (Yb) N and 0·7 for (Eu) N ] but highly enriched LREE abundances [(La) N up to 15·8]. Taking into account only Er and Yb, the degree of melting (F) is estimated at 25^26% according to the simple fractional melting model of Johnson et al. (1990) (Fig. 12b) . The cpx modal content of this sample is, however, too high (5·7 vol. %) with respect to the high degree of partial melting inferred from the HREE modelling. Secondary cpx is also present in this sample (Group 4), suggesting that some cpx have been added to the peridotite system. The chondrite-normalized trace element patterns of Group 4 cpx reflect a theoretical melting event at F ¼15^20% (Fig. 12c ) from Ti to Yb; the LREEM REE and Zr are clearly disturbed by enrichment processes. Lherzolite CF16 is the only sample of this group that still records a mineral modal content compatible with the partial melting degree deduced by the HREE cpx modelling (Table 1) . It is evident that cpx in dunite CF1 and cpx-poor lherzolite CF6-A are the result of both partial melting and refertilization processes. It is considered that Ti in Group 2 and Group 4 cpx primarily reflects the melting process, whereas Zr appears to be more sensitive to subsequent enrichment processes.
On the basis of the cpx trace element melting model, the Cerro del Fraile peridotite population is proposed to record an original melting event/s, generating residua after 10^25% melting of a fertile lherzolitic mantle portion. An independent route to confirm this melting history is provided by the major element mineral compositions. As a starting point, theoretical melting curves for ol, opx, cpx and sp were obtained for Si, Al, Fe, Mg and Ca from the McDonough & Sun (1995) PM major element composition Upton et al., 2011) , using a mass-balance calculation between the four peridotite phases and progressive melting residua derived from the experimental results of Herzberg (2004) . Using these curves, the Cerro del Fraile xenoliths confirm a complex history of melting and enrichment, causing disequilibrium relationships among the peridotite minerals. Al is a robust geochemical parameter as it is an extremely fusible element in basaltic systems and it rapidly decreases in opx, cpx and sp with increasing degree of partial melting (Ionov & Hofmann, 2007; . In the Al 2 O 3 vs MgO opx diagram (Fig. 13a ) the Cerro del Fraile xenoliths are roughly distributed along the melting curve, with MgO being noticeably more scattered than Al 2 O 3 . Considering negligible low-pressure^high-temperature Al diffusion (Ionov & Hofmann, 2007; , opx in CF14 Lh (Group 1 cpx) record the lowest degree of partial melting (F about 13%); CF2 Hz, CF5 Lh, CF9 Lh and CF10 Hz (Group 2 cpx) have opx indicating melting degrees in the range of 13^18%; CF16 Lh (Group 4 cpx) and CF6-A Lh (Group 3 and 4 cpx) opx record the highest melting degrees, between 18 and 25%. A decrease in Al 2 O 3 during a subsolidus process is unlikely, at least for the least metasomatized samples, as it will move the samples vertically, in Fig. 12 , away from the Al 2 O 3 vs MgO distribution. In addition, for all samples there is a close correlation between the F recorded by AlM g in opx and HREE contents in coexisting cpx. On the basis of the opx major element contents, an F of 18^20% for cpx-free CF3 (Dn) can be estimated. Figure 10a demonstrates that opx in cpx-bearing CF1 Dn could have been affected by Fe addition caused by host basalt infiltration; consequently this sample diverges from the melting curve towards lower MgO contents (Fig. 13a) . CF1 Dn opx point towards an F of about 23%; this value is higher than that estimated from the cpx HREE contents (F ¼15%, Group 4 cpx). These cpx, in turn, have Al 2 O 3 contents indicating an F of $21% (Fig. 13a) . The discrepancy between the F estimated from the opx and cpx major elements and the HREE of the cpx, together with the low Fo content of ol ($89·4, incompatible with such a high F), precludes this sample from degree of melting estimates.
In the MgO vs Al 2 O 3 diagram (Fig. 13b) , the cpx of the Cerro del Fraile peridotites follow the general melting trend but, as expected, are shifted towards lower MgO values, as the cpx are not in equilibrium with the coexisting peridotite phases in terms of their Fe/Mg ratio (see above and Fig. 10 ). The cpx Al 2 O 3 content of CF14 Lh (Group 1 cpx) intercepts the melting curve at slightly higher F (about 15%) with respect to that indicated by cpx HREE and the coexisting opx (8^13%, Fig. 13a ). Group 2 cpx (CF2 Hz, CF5 Lh, CF9 Lh, CF10 Hz), with the exception of CF2 Hz, which shows highly variable cpx1 major element (Brey & Ko« hler, 1990) . CF samples for comparison from Wang et al. (2007) . Abbreviations as in Fig. 5. compositions, indicate F ranging from 14 to 17% (Fig. 13b) . This is consistent with the coexisting opx results and the F values obtained with the cpx HREE melting model. Group 3 and 4 cpx (CF6-A Lh, and CF1 Dn, CF6-A Lh, CF16 Lh, respectively) have Al 2 O 3 contents indicating variable F from 20 to 30% (Fig. 13b) , analogous to the F values estimated from Al 2 O 3 in opx and HREE in cpx.
To summarize, notwithstanding the high variability in trace element contents, both opx and cpx major and trace elements (especially HREE) for the Cerro del Fraile peridotites consistently indicate that they represent fragments of a mantle domain that underwent a relatively high degree of partial melting, possibly related to multiple events, varying from 10 to 25%.
Nature of the metasomatizing agent(s)
In addition to the above considerations about melting processes it is also necessary to hypothesize a contemporaneous or subsequent metasomatic enrichment to explain the cpx and opx trace element geochemical characteristics (i.e. high LREE, Th, U and Zr contents coupled with variable Sr enrichment). According to our petrographic observations a silica-undersaturated alkaline melt is an unlikely metasomatizing agent, as evidenced by the presence of unreacted opx in both peridotites and pyroxenites (see Coltorti et al., 1999; Bonadiman et al., 2005) . Opx develops reaction rims only at the contact with the alkaline host basalt of the xenoliths, reinforcing the previous statement. Ilmenite-bearing black patches within opx or filling the intercumulus space can also be the result of host alkali basalt interaction just before the entrainment of the xenoliths. On the other hand, the formation of opx in orthopyroxenite and websterite (CF7 and CF6-C) xenoliths or in veins or veinlets in composite samples and lherzolites CF6-B and CF12 suggests the infiltration of SiO 2 -oversaturated melts.
The Al 2 O 3 distribution between sp and opx ( Fig. 14) favours a systematic enrichment in aluminium in spinels in the variously depleted CF peridotite samples with respect to the coexisting opx. This is also supported by the behaviour of Al in opx as described above (Fig. 13a) , which indicates melting degrees comparable with those deduced from the model curve of Fig. 14 if the Al content in sp is lowered.
This means that (1) the Al 2 O 3 content in sp could be considered a metasomatic indicator, (2) Al in sp is much more sensitive to metasomatism, with respect to melting, and (3) Al contents in coexisting opx (and cpx) mainly reflect the partial melting process (Fig. 13) . A comparison with a worldwide dataset of peridotites from peridotite massifs (Iwanaidake, Japan; Macquarie Island, Pacific Ocean) and dredged abyssal peridotites (VEMA Fracture Zone, Atlantic Ocean), which are interpreted as partial melting residua (Fig. 14; Kubo, 2002; Brunelli et al., 2006; Dijkstra et al., 2010) , further emphasizes that the CF sp preferentially partitioned Al during metasomatism. The hypothetical metasomatic melt should have an Al content and physical^chemical characteristics allowing it to react extensively with spinel, progressively reducing the Mg-chromite component. For example, on the basis of the Al 2 O 3 values in opx and cpx (Fig. 13) and HREE contents in cpx (Fig. 8) , CF6-A Lh reflects a residual composition after about 20^25% of melting of a fertile source, whereas its spinels have Al 2 O 3 contents (on average 31wt %) twice as high as the expected value (16 wt %) (Fig. 14) . A possible explanation of this discrepancy could reside in the interaction of primary (restitic) spinels with an Al-rich, anhydrous basalt. Thy (1995) has demonstrated that experimental melts with Al 2 O 3 up to 23·5 wt % crystallize pleonaste spinel (Al 2 O 3 up to 63 wt % and Cr 2 O 3 lower than 3 wt %) as the first liquidus phase, followed by plagioclase; olivine appears later just before the pyroxenes (Thy, 1991 (Thy, , 1995 . If such a liquid percolates and reacts with the peridotite matrix at relatively high pressure (10^12 kbar) and temperature (1150^12008C) it could be expected that spinel rather than pyroxenes would more easily accommodate the excess Al 2 O 3 entering the system (Draper & Johnston, 1992) . The major element (mainly Al 2 O 3 and Fe/Mg) and HREE compositions of Group 1, 2, 3 and 4 cpx and Type 2 opx are sensitive to melting processes whereas their LREE^MREE, Th, U and Zr are clearly disturbed by metasomatism. The CF xenolith population also includes a websterite (modal opx up to 60%) and orthopyroxenites (modal opx up to 88%) that are also part of a composite peridotite^pyroxenite sample and are interpreted as cumulates from a silica-oversaturated melt. Their occurrence in association with peridotites in the same mantle column testifies to percolation of a silica-oversaturated melt that initially metasomatized the peridotite matrix and eventually crystallized as cumulates.
Using different sets of trace element Kd opx/melt and Kd cpx/melt (enstatite-and diopside-dominated endmembers) the hypothetical liquids in instantaneous equilibrium with the most enriched cpx (Group 2 and Group 4), Type 2 opx and pyroxenes of both orthopyroxenites and the websterite were calculated. Because the real composition of the initial percolating melt is unknown, two extreme sets of experimentally determined Kd opx/melt and Kd contents of the CF metasomatizing melts have been calculated with the two Kd opx/melt and Kd cpx/melt datasets, assuming that their major element compositions are within the tholeiite^dacite compositional range. In this way five pairs of rather similar melt trace element patterns have been obtained and for the sake of clarity have been averaged ( Fig. 15; Table 8 ). These five patterns represent the likely composition of the melts responsible for the metasomatic enrichment of the CF peridotites, as well as for the generation of the CF orthopyroxenites, websterites and clinopyroxenite. The range of compositions of the calculated metasomatizing melts results from the large range of Kd values used. These theoretical compositions represent instantaneous melts in equilibrium with the enriched pyroxenes that could reflect local melt^rock reaction and fractionation processes during melt percolation. It is noteworthy that calculated melt compositions in equilibrium with both opx and cpx in the pyroxenitic rocks, as well as those obtained from enriched cpx and Type 2 opx in peridotites, show consistent patterns and that they point to a distinctive geochemical signature. The MREE^HREE, Y, Ti and Sr contents of the metasomatizing melts overlap the compositional range of adakites erupted from nearby AVZ volcanoes (Stern & Kilian, 1996) . The melts in equilibrium with the opx and cpx of the CF plagioclasebearing rocks (orthopyroxenites and websterite) do not, however, show the characteristic positive Sr anomaly expected for slab-derived melts, owing to the preference of Sr for plagioclase with respect to pyroxenes (Kd pl=cpx Sr ¼23·9^26·3; Severs et al., 2009, and references therein) . In contrast, all the other calculated melt compositions show a marked positive Sr anomaly with respect to Pr and Nd, in accordance with some natural AVZ adakites and experimental slab melts (Defant & Drummond, 1990; Stern & Kilian, 1996; Yogodzinski & Kelemen, 1998; Rapp et al., 1999) .
Most of the Group 2 and 4 cpx have distinctive positive Zr anomalies (Fig. 8a and c) with respect to the adjacent elements Nd and Sm. This feature is not commonly observed in diopsides from depleted sp-bearing mantle peridotites; these usually exhibit well-defined, negative Zr (and Ti) anomalies resulting from their coexistence with opx, which shows antithetic fractionation of these elements (Rampone et al., 1991; Bonadiman et al., 2005; Brunelli et al., 2006) . During melting, Zr, Nd and Sm have a similar partitioning behaviour in both enstatite and diopside. These phases acquire trace element profiles that reflect equilibrium with the liquid, thus maintaining the original anomalies (Kd Watson & Ryerson, 1986; Forsythe et al., 1994; Mallmann & O'Neill, 2009; Sever et al., 2009) . Consequently, in the spinel stability fields, residual cpx or that interacting with basic melts with a negative or no Zr anomaly should be characterized by a Zr (and Ti) negative anomaly, as generally observed in worldwide mantle diopsides irrespective of the geodynamic setting. Cpx with a positive Zr anomaly can occur only when its composition evolves from the Ca^Mg-dominated end-member (diopside) towards the Na^Fe 3þ -dominated end-member (aegirine), the latter preferentially retaining Zr with respect to the neighbouring REE (Marks et al., 2004) . CF cpx are almost pure diopside and this precludes the possibility that their positive Zr anomaly can be ascribed to crystal lattice constraints.
To test if a positive Zr anomaly can result from progressive fractionation of a melt, similar in composition to the host lava (of alkaline affinity), which reacts with a fertile peridotite matrix, we applied the numerical simulation scheme originally proposed by Vernie' res et al. (1997) (as described by Ionov et al., 2002) for Zr, Nd, Sm and Eu to model the positive Zr anomaly. The method assumes instantaneous equilibration as soon as the melt moves from one cell to another, but it does not consider physical parameters (velocity, time and distance from the melt source, temperature). However, in studying mantle xenoliths, for which the spatio-temporal constraints are missing, the application of Vernie' res et al. (1997) plate modelling approach is not decisive in deciphering trace element enrichment in relation to the modal mineralogy of the xenoliths. We assume that the host alkaline CF magma (with no Zr anomaly) starts interacting with the fertile lherzolite CF14. The modelling implies a virtual porosity from 1% close to melt source to near zero at the end of the reaction column, through the precipitation of cpx and ol as a result of opx^melt and ol^melt reactions. The trace element mineral^melt Kd dataset of Ionov et al. (2002) was used. The initial fertile matrix is composed of 10% cpx and 23% opx (Table 1) whereas at the end of the process (stopped at 16 cells) the reaction products contain 17% cpx and 18% opx, implying only a moderate change in olivine content. This result is in contrast with the modal mineralogy of the majority of our samples in which a cpx/opx ratio of $1 has never been observed, as well as with the petrographic observations, which indicate that opx is not removed but is added to the system. In addition, the initial CF14 cpx (Fig. 8a) is not able to acquire a trace element profile with a positive Zr anomaly as recognized in the pyroxenites and in several metasomatized peridotites. The anomaly can be acquired through melt^rock interaction only if the infiltrating melt already has a slight to distinct positive Zr anomaly.
Another possibility is that an initial alkaline melt percolated the mantle wedge and reacted with an amphibolebearing orthopyroxenite, resulting in the destabilization of opx and amphibole, which provide the SiO 2 oversaturation and the HFSE charge in the resulting melt. This melt in turn could metasomatize the upper portion of the mantle wedge, forming the distinctive enrichment in HFSE in the CF cpx. This model, however, contradicts the petrographic observations, as destabilized opx is not observed. It is possible that this process could occur at depths greater than the depth of xenolith entrainment. Even if this were the case, most of the amphiboles in mantle xenoliths entrained in calc-alkaline sensu lato lavas from supra-subduction zone environments (Kamchatka, Arai et al., 2003 Arai et al., , 2007 Ichinomegata, Abe et al., 1998; Iraya, Arai et al., 2004) are depleted in HFSE (Coltorti et al., 2007) . Amphibole melting would thus not provide a sufficient HFSE budget to account for the positive Zr anomaly of the metasomatizing melt.
Taking into account these different approaches the only reasonable hypothesis is that the percolating melts have a distinctive geochemical characteristic. Thus, interaction of the CF protolith with a Zr-rich silicate melt has to be considered. The CF cpx show a positive correlation between Zr (and Hf) and LREE^MREE, whereas Ti does not follow this trend. In addition, there is evidence of a constant contribution of LREE^MREE and Zr (and Hf), together with decoupling between Zr (and Hf) and Ti in the metasomatizing melt. A positive Zr anomaly, not accompanied by Ti enrichment, has been observed in experimental slab melts (Defant & Drummond, 1990; Rapp et al., 1999) and more rarely in natural adakites of the AVZ (Stern & Kilian, 1996) . Based on the REE and HFSE contents in cpx and opx, the most probable candidate as a metasomatic agent for the CF mantle could have been a Zr-rich AVZ-type adakitic melt derived from the melting of the subducting oceanic crust of the Antarctic plate.
In addition to Zr, CF calculated melts are also distinctly enriched in Th and U with respect to natural AVZ lavas (Table 9 ). In a plot of Zr vs (Th þ U), the CF metasomatizing meltsçinteracting with the peridotites and forming pyroxenites (Pd Melt, Opxte/Wb Melt and Cpxte Melt, Fig. 16 )çhave Zr contents ranging from 127 to 358 ppm and (Th þ U) values ranging from 11 to 40 ppm. This diagram gives a clear representation of the nature of the possible contributors to the chemical budgets of the initial silicate melts ('proto-adakites'), which pervaded the CF mantle domains.
The source of the metasomatizing melts could be subducted oceanic crust (i.e. metamorphosed to garnetamphibolite or eclogite), as suggested for the genesis of the AVZ adakites (Stern & Kilian, 1996; Kilian & Stern, 2002) . However, the melting of a bi-mineral eclogite on its own could not account for the high values of Th, U, LREE and Zr variably evidenced in the CF calculated melts (Table 9) , as well as in real and experimental slab melts (see Defant & Drummond, 1990; Rapp et al., 1999) . However, if we consider the melting of highly metamorphosed basalts from ophiolitic complexes (e.g. pillow lavas from the Josephine ophiolite; Harper, 1984) , which include minerals such as albite AE chlorite AE epidote AE titanite AE actinolite AE pumpellyite AE calcite AE quartz AE muscovite AE hematite (AB1 basalt, Fig. 16 ), then the chemistry of the melting products (AB1 melt, Fig. 15 ) is appropriately enriched (Rapp et al., 1999) and broadly overlaps the patterns of the calculated CF metasomatizing melts, except for Th and U (Table 9) . Consequently, an additional contribution of materials other than from metamorphosed oceanic basalt in the CF slab melting event must have occurred.
Role of sediment melting
The melting of metamorphosed, subducted oceanic basalt can account for the high Zr contents of the metasomatizing melts but does not provide sufficient Th and U [Zr AB^1 melt ¼ 272 ppm; (Th þ U) AB^1 melt ¼1·46 ppm; Rapp et al., 1999] . On the basis of available Sr^Nd and oxygen isotope data, the melting of a variable amount of subducted sediment in addition to MORB and a subsequent evolution of the melt via assimilation^fractional crystallization (AFC) processes has been suggested for the genesis of most of the AVZ adakites (Stern & Kilian, 1996) . The melt that crystallized the CF orthopyroxenites and websterites has Zr and (Th þ U) contents comparable with (1) most of the AVZ adakites, (2) the Taitao Peninsula sediments (Kilian & Behrmann, 2003) ; (3) subducted sediments in the area (Kilian & Behrmann, 2003) , and (4) worldwide oceanic sediments (Landmesser et al., 1976; Dypvik & Harris, 2001; Li & Schoonmaker, 2003) , and plots within the field of worldwide trench sediments (Plank & Langmuir, 1998) . AFC processes cannot be invoked for this melt, as it was formed within the mantle. This implies that, at least for these elements, the contribution of sedimentary material in the genesis of the melt infiltrating the CF mantle wedge could be much higher than that proposed by Stern & Kilian (1996) for the source of the AVZ adakites. Considering the estimated trench sediment composition of Kilian & Behrmann (2003) Stern & Kilian, 1996) and a few preliminary analyses carried out on separated cpx from CF peridotites ( 86 Sr/ 87 Sr, 0·70323^0·70344). However, the estimate of the isotopic composition of average subducted sediments by Kilian & Behrmann (2003) may be biased by (1) a high proportion of S-type plutonic rocks and (2) a 86 Sr/ 87 Sr ratio which is too high for the I-type component of the mixture (Castro et al., 2010, and references therein) . In this context it is interesting to note that dacitic to rhyolitic lavas with 86 Sr/ 87 Sr not exceeding 0·705 have been found by Lagabrielle et al. (2000) in the fore-arc region of the Taitao Peninsula. According to those researchers these magmas were generated by partial melting of subducted oceanic crust, trapped at the base of the continental crust as tectonic slices, plus variable proportions of subducted sediment. Alternatively, the partial melting of a source composed of variable amounts of eclogitized MORB and sediment with a high Zr and (Th þ U) content is needed (Fig. 16 ). According to Castro et al. (2010) the melting of a 50% amphibolitic MORB^50% mica-rich gneiss (compositionally similar to Bt-rich greywacke) mixture at P ¼1·5^2·0 GPa and T ¼1050^11008C is able to generate liquids (50^80% melt fractions) with high contents of Zr, Th and U [Zr ¼ 89^253 and (Th þ U) ¼ 14·4^16·2]. To reach comparable concentrations of these elements, most of the sediments reported in Fig. 16 should melt completely. Considering this process, the CF pyroxenite melts can be reproduced, but the inferred peridotite metasomatizing melt is still too rich in Zr, Th and U. This latter is likely to represent the most proximal silicate liquid produced by the direct melting of the slab and interacting by porous flow (from very low to low volume of melt involved) with the overlying peridotite. To obtain such a composition the subducted sediments in the melting system must comprise an extremely Zr^Th^U-enriched component.
Zircon is obviously the most likely candidate to solve the problem. This phase is resistant to weathering, but is easily eroded from plutonic and volcanic rocks, and has high Th and U contents. Despite the general consensus, zircon can be fully dissolved in felsic melts atTexceeding 9258C (Nebel et al., 2011, and references therein) , and the young hot Antarctic plate subducting below the South American plate close to the Chile Triple Junction probably reaches similar slab surface temperatures (Lagabrielle et al., 2000) . None the less Zr is a major element in zircon, its concentration being Fig. 15 . Chondrite-normalized incompatible trace element patterns for the calculated metasomatizing melts (see text for further explanation). AB-1 Melt is experimental partial melt of an amphibolitized basalt from the Josephine Ophiolite at 3·8 GPa and 11008C (Rapp et al., 1999) . AVZ adakites are from Stern & Kilian (1996) ; CF host basalt is from authors' unpublished data. Abbreviations and normalizing factors as in Figs 5 and 6. much higher than (Th þ U). Zircon preferentially partitions U with respect to Th (i.e. Wang et al., 2011) ; consequently, its Th/U ratio is too low compared with that of the predicted CF metasomatic melts (Fig. 16b) . Accordingly, most of the zircons in Fig. 16b plot outside the MORB^sediments^AVZ adakites^CF metasomatic melts trend and they cannot explain the Th/U ratio of the calculated peridotite metasomatizing melt.
Other possible candidates for the Th^U^Zr-rich component are organic matter-rich sediments such as black shales. They have extremely variable compositions, with U and Th contents that can reach up to several tens of ppm and Zr content generally lower that 260 ppm (Shpirt et al., 2007; Ketris & Yudovich, 2009 ). Wang et al. (2007) suggested that a similar component in the subducted sediments could explain the anomalously (with respect to most sub-arc mantle peridotites) low fO 2 values registered by the CF xenoliths. However their Th/U ratios, usually 1 (Jiang et al., 2006; Ketris & Yudovich, 2009; Coltorti et al., 2011) , cannot account for the Th/U ratios of either the AVZ adakites or the inferred metasomatizing melts (excluding one AVZ analysis, Th/U varies between 1·56 and 9·41) and they do not have enough Zr to account for the enrichments observed in the CF peridotitie cpx. The contribution of organic-rich sediments to the geochemistry of the Chile trench subducted sediments cannot be excluded, but it is not sufficient to entirely explain the elemental budget of the metasomatizing melts and the resulting CF mantle mineral compositions.
Among the various constituents of marine sediments, manganese nodules are the major contributors to the total budget of Zr, Th, U and LREE of the oceanic crust, and are generally poor in Ti and Nb (Landmesser et al., 1976; Chen & Yao, 1995; Li & Schoonmaker, 2003; Pattan & Parthiban, 2007; Duliu et al., 2009 ). In Fig. 16a and b they plot on the opposite side of the MORB composition and are aligned along the AB-1 (MORB)^sediments^AVZ adakites^CF metasomatic melts trend. It is thus likely that manganese nodules could have contributed significantly to the subducted sediment composition. According to Kilian & Behrmann (2003) the presence of only 1^3 vol. % of manganese nodules in the pelagic sediments of the Antarctic plate would raise their Zr and (Th þ U) contents to those of sediments derived by erosion of the Andean continental crust [pelagic sediments: Zr 198 ppm, (Th þ U) 10 ppm; average Andean sediments: Zr 180 ppm, (Th þ U) 10 ppm]. As far as the authors are aware, no experimental data on melting of manganese nodule-rich sediments are available, which makes a quantitative estimate of their contribution to the composition of slab-derived metasomatizing melts impossible. However, considering the Castro et al. (2010) experimental results, the hypothetical source of the orthopyroxenite and websterite melt should have Zr and (Th þ U) contents comparable with those of the gneiss þ amphibolite mixture, whereas the source of the clinopyroxenite melt should have similar Zr but higher (Th þ U). The highest Zr and (Th þ U) abundances have to be inferred for the source of the Pd melt.
Physical constraints on the percolation of intermediate composition melts
On the basis of our data and its interpretations as discussed above, the slab-derived melt percolating the mantle section below the CF area is a silica-oversaturated melt similar in composition to the AVZ adakites. Silica increases the polymerization degree of the melt, strongly increasing its viscosity (Bottinga & Weill, 1972; Burnham, Fig. 16 . Variation of Zr ppm vs (Th þ U) ppm (a) and U ppm vs Th ppm (b) for metasomatizing melt compositions calculated from cpx, compared with AVZ adakites, sediments and experimental slab melts. Pd Melt, melt in equilibrium with Group 4 cpx in peridotites; Opxte/Wb Melt, melt in equilibrium with cpx of orthopyroxenites and websterites; Cpxte Melt, melt in equilibrium with cpx of clinopyroxenite; AVZ adakites, Stern & Kilian (1996) ; AB-1 and AB-1 Melt, amphibolitized basalt from the Josephine Ophiolite and its experimental partial melt at 3·8 GPa and 11008C (Rapp et al., 1999) ; Andean crust, average Andean crustal lithologies; ODP 141, sediments cored close to the Chile Trench, in front of the Taitao Peninsula (ODP Leg 141); Antarctic sediments are Antarctic plate pelagic sediments; Input Sed, calculated composition of the sediments entering the Chile Trench (Kilian & Behrmann, 2003) ; GLOSS, Global Subducted Sediments; trench sediments are worldwide trench sediments (Plank & Langmuir, 1998) ; oceanic sediments are Svalbard ocean floor sediments (Dypvik & Harris, 2001 ); Gneiss þ Amphib and Melts of Gneiss þ Amphib, experimental MORB þ sediment me¤ lange (50:50) and its partial melt at 1·5^2·0 GPa and 1050^11008C (Castro et al., 2010) ; worldwide Mn nodule compositions from Landmesser et al. (1976) , Chen & Yao (1995) , Li & Schoonmaker (2003) , Pattan & Parthiban (2007) and Duliu et al. (2009) ; average black shales from Ketris & Yudovich (2009) ; black shales from Maynard (2003) , Jiang et al. (2006) and Coltorti et al. (2011) ; zircon from Poller et al. (2001) and Wang et al. (2011). 1975); thus, the mobility and infiltration capacity of these kinds of melts appear limited over long distances, in theory preventing their efficiency as mantle metasomatizing agents. The Antarctic plate subducts beneath the South American plate at a low angle (Lagabrielle et al., 2000; Heintz et al. 2005) . If a value of $158 is used (Bangs et al., 1992; Guivel et al., 1999) and considering that Cerro del Fraile is $260 km from the trench, a rudimentary calculation fixes the top of the slab at a depth of $70 km. Geological and geophysical models suggest a crustal thickness of 535 km (Cande & Leslie, 1986; Stern & Kilian, 1996; Heintz et al., 2005; D'Orazio et al., 2005) . The presence of spinel as the sole aluminous phase within the CF mantle peridotites constrains the range of their equilibration pressure between 9 and 23 kbar depending on the spinel Cr content (Foley, 2008) . However, the high Ca content of the opx in the plagioclase-bearing orthopyroxenite^dunite composite sample limits the provenance depth of the CF xenoliths to less than 11^12 kbar ($40 km) (i.e. Brey & Ko« hler, 1990; Canil, 1992) . Taking into account these considerations, the slab-derived melt should have passed through about 30 km of mantle before it metasomatized the CF xenolith source region, which does not appear a particularly long route considering that adakites are actually erupted at the surface within the AVZ. The viscosity of these magmas may be significantly reduced by high water contents (Hack & Thompson, 2010; Hunt et al., 2011) and/or by high pressure (Kushiro et al., 1968; Kushiro, 1976; Scarfe et al., 1987; Mori et al., 2000; Suzuki et al., 2002; Poe et al., 2006) . It is recognized that hydrogen breaks the Si^O bonds, forming hydroxylated tetrahedral groups and lowering the polymerization degree (Burnham, 1975; Kohn, 2000; Richet, 2005) . Viscosity reduction with pressure may be attributed to several mechanisms, related to the following: (1) the increase of non-bridging oxygens (NBO) with respect to bridging oxygens (BO), the former having a smaller molar volume than the latter (Bottinga & Richet, 1995) ; (2) distortion of the tetrahedral sites with consequent modification of T^O^T angles (Hochella & Brown, 1985) ; (3) a nonlinear change of the volume of Al-coordinated polyhedra with increasing pressure (Arculus, 1979 ). An analysis of this phenomenon is clearly beyond the scope of the present study, but there is a general consensus that the larger the Al content of the melt, the more dramatic will be the effect of viscosity reduction with pressure. Both features (high water content and high Al content) are possible in the CF metasomatizing melts. A large quantity of water can be available from slab dehydration mechanisms as testified by the presence of amphibole and fluid inclusions in the CF orthopyroxenites and websterite (see also Kilian & Stern, 2002) . The Al content of the metasomatizing melt was probably rather high (analogous to the AVZ adakites) as deduced by the composition of spinel in the CF peridotites. Hack & Thompson (2010) experimentally demonstrated that 'albitic' hydrous (5^10 wt % H 2 O) liquids, representative of slab-derived melts, have a range of viscosities (1·76 Pa s at 13008C and 25 kbar, and 2·37 Pa s at 7008C and 10 kbar) similar to that of basalts. This implies that these melts have comparably high ascent velocities under both porous and fracture flow regimes, at T^P conditions similar to those of the slab below the CF area ($9008C and 25 kbar, respectively). Pressure reduction during ascent can slow the melt front, but the temperature increase toward the centre of the mantle wedge may counterbalance this effect (Gerya & Meilick, 2011, and references therein) . Another aspect that can facilitate the melt percolation may be found in the molar volume changes resulting from the reaction between a silica-oversaturated liquid and olivine to generate opx. This reaction can be described by the following equation: The total molar volume of reactants (forsterite þ liquid) is estimated to be 15^25% larger than that of the products of this reaction (liquid þ enstatite) (Poe et al., 2006; Abart et al., 2009) . If this volume reduction is confirmed by further studies, then the triggering of hydrous fracturing of the system (see McKenzie & Bickle, 1988) would correspond to a local physical contraction, allowing the formation of a network of opx veins and ultimately the continuous passage of the melt in a steady-state regime. These two stages are well represented by the CF xenolith population, starting with metasomatized mantle peridotites that were formed following the initial contact of the melt with the surrounding matrix (porous flow and reaction), up to pyroxenites and websterites (fracture flow stage) representing the melt channels subsequently formed at shallower levels, most probably a few kilometres below the Moho.
C O N C L U S I O N S
CF mantle xenoliths comprise peridotites, cumulitic pyroxenites and composite samples. On the basis of HREE and major element mineral melting models, the peridotites record a variable partial melting degree between 10 and 25%. They also experienced a contemporaneous or subsequent refertilization event, caused by the percolation of SiO 2^A l 2 O 3 -rich slab-derived metasomatic agents. The similarity between the cpx and opx of the pyroxenites and those in the pyroxenitic part of the composite samples suggests that the cumulitic process occurred within the mantle. Calculated melts in equilibrium with the most enriched opx and cpx in the peridotites and the pyroxenite cumulates have LREE, Zr (Hf), Th and U contents higher than those of natural AVZ adakites. Their extreme enrichment in Zr, Th and U can be explained only by the melting of a source containing a discrete quantity of sediment. However, even if they melted completely, local trench sediments cannot account for the entire geochemical budget, and an additional Zr^Th^U-rich component has to be taken into account. This has been identified as Mn nodules, and possibly organic-rich sediment, deposited on the ocean floor of the Antarctic plate. At mantle conditions the percolation of SiO 2 -rich melts, similar to the AVZ adakites, is facilitated by their high Al 2 O 3 and water contents and is favoured by the molar volume reduction owing to the growth of opx at the expense of olivine.
The CF calculated metasomatic melts are genetically linked to the Patagonian AVZ adakites and are ultimately responsible for the South Patagonian mantle wedge refertilization via (1) the enrichment of the pre-existing phases and/or (2) the formation of new phases within peridotites or of new pyroxenitic rocks. The metasomatizing melts, however, differ significantly from the AVZ adakites and it is highly probable that they crystallized within the mantle without being erupted at the surface.
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